Our analysis of new bathymetric data reveals six submarine landslides at the eastern Sunda margin between central Java and Sumba Island, Indonesia. Their volumes range between 1 km³ in the Java fore-arc basin up to 20 km³ at the trench off Sumba and Sumbawa. We estimate the potential hazard of each event by modeling the corresponding tsunami and its run-up on nearby coasts. Four slides are situated remarkably close to the epicenter of the 1977 tsunamigenic Sumba M w =8.3 earthquake. However, comparison of documented tsunami run-up heights and arrival times with our modeling results neither allows us to confirm nor to decline the hypothesis that the earthquake triggered these submarine landslides.
Introduction
Tsunamis pose a major threat to population and structures in many coastal areas around the world. Although most tsunamis are generated by submarine earthquakes, underwater slope failures can be responsible for local tsunamis as well. Landslide-generated tsunamis comprise at least 8 % of all documented historical events worldwide (ITDB catalogue 2007) . That makes the investigation of submarine landslides a necessary step for future tsunami hazard assessment. One of the best studied historical events took place in Papua New Guinea, 1998 , where a 4 km³ submarine slump was triggered by a comparatively small earthquake (Tappin et al. 1999; Sweet and Silver 2003) . The generated tsunami inundated nearby coasts, leading to maximal run-up heights of 15 m (Lynett et al. 2003) . Whether a submarine mass movement generates significant wave amplitudes, depends on its volume, water depth, shape and its velocity profile. Associated inundation heights depend mainly on the tsunami propagation distance and local bathymetry. If the tsunami hits land after a few kilometers, even small landslides (0.0024 km³ slide at Fatu Hiva, French Polynesia, 1999 (Hébert et al. 2002) ) can cause significant damages to coastal communities. Very large events like the 200 km³ 1929 Grand Banks slide (Fine et al. 2005) or the 2400 km³ pre-historic Storegga slide (Bondevik et al. 2005) were capable of generating large run-up even hundreds of kilometers away. Indonesia is especially endangered by tsunamis, due to its proximity to the Sunda subduction zone stretching over 5000 km from the Andaman Islands and Sumatra to Java, and the Lesser Sunda Islands. The subduction of the Indo-Australian plate beneath the Sunda shelf creates tectonic stresses which upon sudden release cause earthquakes of major magnitudes that potentially generate large tsunamis (Hamzah et al. 2000) . The M w =9.3 Sumatra-Andaman earthquake in December, 2004 ruptured over 1000 km (Krüger and Ohrnberger 2005) and induced a catastrophic ocean-wide tsunami. Run-up heights reached more than 30 m in Aceh, Indonesia (Borrero et al. 2006 ) and nearly 20 m in Thailand (Tsuji et al. 2006) . Off Java and the Lesser Sunda Islands, devastating tsunamis were induced by the M w =8.3 Sumba earthquake of 1977, the eastern Java earthquake (M w =7.8) of 1994 and the M w =7.7 Pangandaran earthquake in 2006 (ITDB catalogue 2007) . Maximum run-up values of respectively 8 m (Kato and Tsuji 1995) , 14 m (Tsuji et al. 1995a ) and 20 m (Lavigne et al. 2007; Fritz et al. 2007 ) have been identified.
Figure 1 Overview map showing bathymetric coverage and locations of slides A to F.
By triggering submarine mass failures, however, even moderate earthquakes can induce dangerous tsunamis. Large local run-up during the 1979 tsunami at Lomblen Island and in 1992 at the northern coast of Flores Island has been explained by underwater mass failures (Tsuji et al. 1995b; Rynn 2002 ). Whether the above mentioned 20 m run-up during the 2006 Central Java tsunami was caused by a landslide, is currently discussed (Matsumoto et al. 2007 ). Submarine debris avalanches have been identified west of Sumatra (Tappin et al. 2007) , at the toe of the accretionary prism. The overall slide volume of the largest event is with 1 km³ (Moran and Tappin 2006) comparably small which excludes it as a significant tsunami source (Tappin et al. 2007 ).
Our present study is based on new bathymetric data collected onboard the RV "Sonne" during the MERAMEX (2004) and SINDBAD (2006) surveys. The multibeam bathymetry data has a resolution of 2° (corresponding to 200 m at ocean depths of 6000 m). The cruises have been conducted by two German institutions: IFM-GEOMAR, Kiel, and the Federal Institute for Geosciences and Natural Resources (BGR), Hannover. Our study area comprises the eastern Sunda margin off Indonesia, between central Java and Sumba (Figure 1 ). Detailed analysis of the bathymetry data revealed evidences of six landslide events. We start with a short geological background of the studied area and proceed with detailed slide descriptions and numerical models of the tsunamis generated during these events.
Geological setting
The over 5000 km long Sunda margin extends from the Andaman Sea in the north to Sumba Island in the east. It is characterized by the subduction of oceanic lithosphere of the Indo-Australian plate beneath the Indonesian Archipelago. East of Sumba Island a transition to the Banda Arc and the collision with continental Australian crust takes place. Subduction initiated in the late to middle Tertiary (Hall 1997 ) and has formed a mature convergent margin with a well developed accretionary prism, an outer fore-arc high and fore-arc basins (Schlueter et al. 2002; Kopp and Kukowski 2003) .
The eastern Sunda Arc sector from East Java to just west of Sumba Island resembles a unique segment of this subduction zone. Here, the oldest oceanic crust along the entire Sunda Arc of Late Jurassic age (155-145 Ma; Heine et al. 2004; Müller et al. 2008) subducts at a rate of up to 70 mm per year in nearly trench normal direction (Simons et al. 2007 ). With water depths reaching more than 7000 m, this is also the deepest segment of the Java trench. Off eastern Java the sediment thickness on the incoming plate and in the trench is less than 1 km (Kopp et al. 2003) . Further east the oceanic crust and trench are largely devoid of sediments, except for a thin hemipelagic sediment cover. The accretionary wedge in the eastern segment is between 70-100 km wide and forms a discontinuous outer fore-arc high with maximal water depths exceeding 2000 m. Internally, the accretionary wedge is built up of a series of landward dipping imbricate thrust sheets of accreted and deformed rocks (Lueschen et al., submitted; van der Werff 1995) .
Off eastern Java the Roo Rise, elevated about 1500 m above surrounding sea floor, is recently subducting and causing frontal erosion of the accretionary wedge (Kopp et al. 2006) . Further east the Java trench morphology is rugged and controlled by normal faulting of the oceanic crust with horst and graben structures along the outer trench wall. The faults are more than 60 km long and have a throw of 500 m. They strike slightly oblique to the trench and can be imaged deep beneath the slope toe. Subduction of these faults and horst and grabens contributes to local oversteepening of the slope toe with slumping (van der Werff 1995; Müller et al. 2008; Lueschen et al., submitted) . The distribution and focal mechanisms of shallow seismicity along the Java trench clearly shows recent activity of these faults (Eva et al. 1988; Spence 1986 ).
Slide descriptions
We analyzed the bathymetric data searching for head scarp walls and associated landslide deposits. Six major subrecent landslides have been identified within the studied area. In the following, they will be designated alphabetically from A to F (Figure 1 ). Slide A is located within the Java fore-arc basin, 120 km off coast. Slide B was found at the The deposition lobes of slides A and F are clearly visible (Figure 2) . Their shape and proximity to the failure area suggest rotational slumping as probable failure mechanism. Typical features of translational slides like slide tracks or sidewalls are not visible which supports the hypothesis of rotational failure. In the cases B, C, D, and E, the depositional area is barely observable. We analyzed backscatter data, 3.5 kHz sub-bottom -and multichannel-reflection seismic profiles. Landslide head scarps were identified, however associated landslide sediment deposits were not detectable. The position of the slides and their geometrical parameters (for nomenclature see Figure 3 ) are deduced from the bathymetric maps and listed in Table 1 . In the following, we concentrate on determining the necessary input parameters for our tsunami generation routine (see section 4.1 and Supplement). Slide dimensions perpendicular and parallel to the slope, denoted as width and length, respectively, range between 4 and 25 km. The travel distance which corresponds to the center of mass translation, is obvious only for the cases A and F, as they exhibit typical deposit lobes. Travel distances estimated for the other four slides comprise rather high uncertainties. We evaluate the slide heights by comparing the slope profile inside the slide zone and besides it. This yields values between 100 m for slide D and up to 300 m for slide E and F. Slide volumes of slides A to F (3 km³, 4 km³, 15 km³, 1 km³, 15 km³, and 20 km³, respectively) are estimated based on slide height, length and width. We therefore assumed a smooth slide shape with parabolic profiles in direction of both length and width.
It is very difficult to date underwater mass movements based on bathymetric images only. As submarine diffusion rates are notably smaller than on land, landscapes evolve much slower. So, even a "fresh" looking slide can be thousands of years old (McAdoo and 
Simpson 2005)
. Dating techniques involving the steepness of the head wall are only applicable if at least one additional independent failure date is provided by a secondary method (Kukowski et al. 2008) . In this region, this has not been done so far. However, in section 5 we investigate the possibility that slides C to F have been triggered by the 1977 Sumba earthquake (M w =8.3). If confirmed, this would also imply the age of the slumps.
Most submarine slope failures are caused by interplay of several factors like oversteepening of slopes and ground shaking due to an earthquake (Masson et al. 2006) . At the position of slide A, basin slopes have been possibly steepened due to the subduction of a seamount located on the oceanic plate (Masson et al. 1990 ; Kopp et al. 2006) . Concerning the other five events at the slope toe in the trench, oversteepening can be attributed to tectonic erosion (Kopp et al. 2006) . For slopes close to failure, even a comparatively small earthquake is sufficient to induce a landslide.
Modeling of induced tsunamis 4.1 Methods
Our tsunami model consists of three distinct stages: generation, propagation and run-up. We describe tsunami generation using the technique of Watts et al. (2005) and Grilli et al. (2005) . It provides a set of semi-empirical equations that are based on physical arguments and wave tank experiments. The initial tsunami wave height η 2HD , the wave length λ and the characteristic time of slide motion t 0 (Table 2) are estimated based on landslide geometry parameters length, width, height, depth and travel distance as well as the mean local slope angle (Table 1) . This method and the employed formulas are summarized in the Supplementary.
Following Watts et al. (2003) , an initial wave distribution can be used to approximate the sea surface deformation provoked by the mass movement. It is argued that during the acceleration phase of a slide, most of the tsunami energy is invested in potential energy. Watts et al. (2005) .
The characteristic time t 0 designates the moment after failure when the wave build-up is finished and transformation of potential energy into kinetic energy takes place. The initial sea surface was constructed according to Watts et al. (2005) and Synolakis et al. (2002) : Along slide direction, two Gaussian curves of different sign approximate the wave profile. Their heights correspond to η 2HD and the widths are defined by λ. To extend this one-dimensional profile to the slide-perpendicular direction, a solitary-like extrapolation proportional to the factor sech²(3·y/(w+λ)) is used, where w is the slump width and y the corresponding coordinate. The semi-empirical equations are applicable as long as wave breaking can be excluded. To ensure this, the ratio of slide length to initial submergence depth must be smaller than 17 . The corresponding values of slide A to F (4, 1.3, 1.5, 0.7, 0.8 and 2, respectively) clearly satisfy this condition.
Alternative formulations include a dynamic slide movement that continuously influences the surface wave, like the shallow water approach of Harbitz (1992) or the Boussinesq model of Lynett and Liu (2002) . These models allow for a more detailed slide description, however, they are only valid if the ratio of slide length to submergence depth is bigger than 30 for shallow water models or 7 for Boussinesq simulations (Lynett and Liu 2002) . In our case, with length to depth ratios between 0.7 and 4, these formulations cannot be used.
The tsunami propagation is modeled with the finite difference, nonlinear shallow water code TUNAMI-N2 (Imamura et al. 1997) . The shallow water approximation is fulfilled, as all wave lengths are much larger than the water depth. Tsunami calculations are performed on a 3200×2200 grid using a spatial step size of 10 arc seconds (~309 m) and a time step of 0.5 s. Bathymetry is based on interpolated GEBCO data (IOC, IHO and BODC 2003) .
Realistic computation of tsunami inundation and run-up necessitates highly resolved (~50 m) near-shore bathymetry and topography (see e.g., Titov and Synolakis 1997 ). This resolution is not available; instead we use interpolated GEBCO grid of 1 nautical mile resolution. For the estimation of run-up, an approach similar to Geist and Parsons (2006) is adopted. We extrapolate near-shore wave amplitudes to final run-up heights R employing the formula of Ward and Asphaug (2003) :
, where A is the wave amplitude, measured at water depth d. (Geist and Parsons 2006 implied a constant amplification factor of 2). Analogue to Green's law, this formula is based on the conservation of wave energy flux in linear theory, however, it has the advantage of avoiding divergence for small water depths. It can be used for both breaking and nonbreaking waves (Ward and Asphaug 2003) . The formula can reproduce 'true run-up' only to a certain degree, as the later is heavily dependent on local ground elevation and wave form. Hence, we refer to the results obtained with the above formula as effective 'estimated run-up heights'. In this paper we use virtual gauges at depths of approximately 20 m. In section 8 (Supplementary material), we address the influence of the choice of water depth d on the estimated run-up height R. Figure 4 presents distributions of the maximum tsunami heights for the slides A to F. Although events A, B and D involve significant slide volumes (3 km³, 4 km³, 1 km³, respectively) they do not generate significant tsunamis (estimated run-up heights generally do not exceed 1 m).
Results
The volumes of slides C, E, and F (15 km³, 15 km³, 20 km³) are considerably larger than those mentioned before. Generated tsunamis feature initial wave heights of 6 to 7 m. As the tsunami propagates, it is influenced by the regional bathymetry (Satake 1988) . So, the central part of the wave front is diffracted eastward by the underwater onset of the Sumba strait (Figure 4 , slides C and E). Similarly, off-shore seafloor elevations focus the wave energy, as can be seen for Sumbawa (Slide C and E) and Sumba (Slide E). Estimated runup heights for each event are shown in Figure 4 by blue bars. Maximum run-up heights of nearly 6 m are estimated on Sumbawa for slide C and E. A run-up of 7 m is reached in Leterua on Sumba for slide F.
Tsunami arrival times vary between 20 and 30 minutes for all areas exposed to large wave heights (here arrival time corresponds to the first 1 cm sea surface anomaly). Arrival times for slide D are only shown at locations experiencing water elevations of more than 1 cm (Figure 4 ).
While slide width and in some cases slide length can be estimated from bathymetric data quite accurately, both height and travel distance are subjected to a higher uncertainty. We systematically varied these parameters within the possible range that we estimated from bathymetry data. Projected to near-shore amplitudes, this uncertainty can be responsible for up to 50 % variation. , and one of the largest normal fault earthquakes ever recorded. Its epicenter (11° 8' S, 118° 14' E; CMT catalogue) is located about 200 km southwest of Sumba Island. The earthquake generated a tsunami which inundated the coasts of Sumba, Sumbawa, Lombok, and Bali resulting in 440 damaged houses and 161 casualties or missing (Kato and Tsuji 1995) . In Figure 5 , we mapped the epicenter location, the seven-days aftershock distribution and the assumed
Figure 4 Maximum wave height distributions after 4 hours, arrival times in minutes as well as corresponding estimated run-up heights along the coast projected onto the longitude (bar plots). Locations of virtual gauge stations are mapped as blue triangles with abbreviated names.
fault plane. Interestingly, slides C to F are located directly above the fault plane. The location of slide F coincides with an area of high aftershock intensity. This raises the questions whether one or more of the slides might have been triggered by the earthquake, and whether these slides may have modified the earthquake-generated tsunami. As our knowledge about the slumps is based on remote sensing only, we cannot determine the age of the events and whether they failed during the earthquake. However, an ITIC survey team and Indonesian investigators visited the tsunami affected areas and determined run-up heights and arrival times (ITIC 1977) . That gives us the opportunity to compare results of an earthquake tsunami model to surveyed data. Thereby, we can test if possible discrepancies might be explained by an additional landslide source.
Figure 5 1977 Sumba earthquake: Main shock location, seven-days aftershock distribution and assumed fault plane (dotted rectangle). Also designated are positions of slides C to F as well as locations of the measured run-up (black triangles).

Comparison by run-up
The survey accessed eight locations on Bali and Lombok. Due to difficult accessibility, only two places on Sumbawa and three on Sumba have been visited, whereof two are situated on the far side of the island. Survey locations are mapped in Figure 5 . Measured run-up values are given with respect to the sea level at time of measurements (ITIC 1977) . For our study, we use run-up data that was corrected for astronomical tides (Kato and Tsuji 1995) . These run-up values are shown in Figure 6a . If more than one run-up is given for the same location, minimal and maximal values are marked in deep and light blue, respectively.
Based on the aftershock distribution ( Figure 5) , we assess the following earthquake parameters: centroid location 118.5°E, 11.2°S, rupture extension 195 km, fault plane width 65 km and strike 70°. The fault plane is slightly wider as if one had used the Figure 5 . empirical scaling relations of Wells and Coppersmith (1994) . All other parameters are taken from the Global CMT Catalog: magnitude M w 8.3, scalar moment 3.59·10 21 Nm, dip angle 67°, slip angle -98° and depth 23.3 km. In contrast to Kato and Tsuji (1995) , we use the steeper of the two possible fault plane solutions which dips southward. In their paper, Kato and Tsuji (1995) assumed the Sumba event to be of the same type as the 1933 Great Sanriku earthquake and decided in favor of the shallow, northward dipping fault plane solution. However, a conjugate set of steeply northward and southward dipping normal faults dominate the morphology of the oceanic crust in the eastern Java trench (Müller et al. 2008; van der Werff 1995) . The resemblance in strike and dip angle with the CMT fault mechanism of the 1977 Sumba earthquake clearly favors the southward dipping focal mechanism solution. Assuming a rigidity modulus of 30 GPa, we assess the co-seismic slip to be 9.5 m. Initial sea surface deformation is calculated according to Okada (1985) , using the software AVI-NAMI v1.2 (Pelinovsky et al. 2006) . We compute maximal subsidence of -3.3 m towards southeast and maximal uplift of 1.1 m in the opposite direction. Estimated run-up heights at surveyed locations are shown in Figure 6b . They exhibit only minor discrepancies to measured values (compare with Figure 6a ).
Figure 6 Run-up distributions. (a) Measured run-up of the 1977 Sumba earthquake. If more than one value was measured at a location, light blue bars show the maximum runup, while dark blue bars correspond to the minimum run-up. (b) Estimated run-up caused by the 1977 Sumba earthquake. (c,d,e) Modeled landslide-generated run-up heights for slides C, E and F, respectively. Measurement locations are mapped in
Interestingly, modeled results for the second, perpendicular fault plane solution of the CMT catalog are quite similar. The initial maximal depression amounts to -3.6 m and the maximum elevation is 0.9, the distribution appears to be shifted slightly southward, but the overall shape is likewise. This explains why the tsunami model calculated by Kato and Tsuji (1995) exhibited similarly good correspondence with measured run-up values.
To test whether the presented landslides were triggered by the Sumba earthquake, we also calculate tsunami run-up heights for slides C, E, and F at the survey locations. As slide D induces only a negligible tsunami (maximum estimated run-up is 40 cm), it will not be discussed. Results are depicted in Figure 6c , d and e, respectively. The run-up distribution due to slide C exhibits a similar pattern as the earthquake. The same is true for slide E, but with somewhat smaller amplitudes. If one of these slides were triggered by the earthquake, the corresponding wave fields would superpose at each time step. This does not mean that the maximum run-up values have to be added at each location. They rather depend on the exact timing of the slide failure with respect to the earthquake's main shock. If the largest slide-induced wave arrives several minutes after the highest wave of the earthquake tsunami, it might not contribute to the run-up distribution. As the earthquake tsunami simulation corresponds well with the surveyed run-up values, we can only conclude, that no such superposition can be evidently observed at the given locations.
Slide F however, shows a different picture. In this case, the estimated run-up at Leterua exceeds the measured value by about 2 m. One could deduce that this slide was not induced by the 1977 earthquake. However, this conclusion would be based on one data point only and, regarding the intrinsic error range of the simulation, appears to be premature.
Figure 7 Overview on stations with known tsunami arrival times. Shown are also slide locations C, E, F, the epicenter location and the initial earthquake tsunami pattern. Black lines designate earthquake tsunami arrival times in hours.
Comparison by arrival time
Another way of investigating whether one of the landslides contributed to the tsunami is the analysis of arrival times in Indonesia and Australia. The tsunami was recorded by gauges near Dampier and Port Hedland in Northwest Australia (Figure 7 , Table 3 ). Two datasets of tide gauges are available at Dampier and further the record of a buoy near Legendre Island, 20 km north of Dampier. Wave arrival is strongly influenced by local bathymetry and we cannot resolve the extremely shallow island landscape off Dampier employing the GEBCO grid (resolution of 1 arc minute). Therefore, we use only the buoy data in the following discussion. Arrival times in Indonesia are reported by eyewitnesses on Lombok and Sumba. At Lombok, wave arrival was reported with reference to an interesting sound phenomenon: A noise similar to an explosion or aircraft sonic boom has been heard repeating three times. It was witnessed about 15 minutes after the earthquake trembling started (Kato and Tsuji 1995) . These three noises have been reported independently in several locations on Lombok and Sumbawa. The first sign of tsunami arrival on Lombok, the receding of the water, were stated to happen few minutes after the sounds (ITIC 1977) . Kato and Tsuji (1995) discussed the origin and timing of the noises, attributing the sounds to co-seismic rupture processes at the fault. According to their calculation of sound waves traveling in air, the noises reached Lombok 14 minutes after the seismic P-waves, which corresponds quite well to eye witness timing. We use this value to determine tsunami arrival times at Lombok (Table 3) . It is important to note that eye witness accounts cannot be as exact as technical measurements. In Waingapu, for instance one witness reported wave arrival at roughly 1 hour after the trembling, while another stated it was only 10 min. (According to our results, it is very doubtful that the wave arrived at the far side of Sumba after 10 min.) Figure 7 .
The computed tsunami arrival times in Table 3 designate the time span between the source event (earthquake or landslide) and the occurrence of a first large wave extremum at the survey location. The arrival time of the earthquake generated tsunami at Dampier and Port Hedland corresponds very well with local gauge records. Also for Leterua and Waingapu on Sumba, results of the earthquake model are quite consistent with eyewitness reports. However, the computed arrival of the earthquake tsunami at Awang, Kuta and Labuhanhadji on Lombok occurs roughly 15 minutes later as witnessed. The landslides presented in this study, can not be responsible for this discrepancy (Table 3) . Even if one of them was triggered in the same instant as the main seismic shock, the resulting tsunami would not arrive 15 minutes before the earthquake tsunami. Two explanations for the discrepancy are possible.
(1) The estimated travel time based on the survey data is erroneous, which could be due to somewhat incorrect eyewitness reports; but most importantly the discrepancy appears only at locations where explosion sounds were used for the arrival estimation. It is important to recall that the source and travel mechanism of these noises is not proven. (2) A speculative, alternative explanation for the discrepancy would be a tsunami source in the fore-arc basin that was located roughly 170 km (corresponding to 15 min travel time at 3500 m water depth) closer to Lombok Island. Unfortunately, based on the available data, it is not possible to verify or falsify either of the explanations.
Conclusions
We identified six submarine landslides in new, high-resolution bathymetry data along the eastern Sunda trench. Three small events which involved between 1 and 4 km³ of sediments are located off Java, Lombok and Sumbawa. The remaining three landslides of significantly larger volumes (between 15 and 20 km³) are found at the margin toe off Sumba and Sumbawa.
Numerical modeling of landslide-generated tsunamis suggest that the largest events might have generated run-up heights of 7 m at Sumba, more than 5 m on Sumbawa and 3 m at Lombok Island. Maximum run-up on Bali and Java did not exceed 2 m.
As four slides are located directly above the assumed fault plane of the 1977 Sumba M w =8.3 earthquake, we investigated if evidences for seismic landslide triggering could be revealed with the help of numerical modeling. Comparison of the measured run-up heights and arrival times to our tsunami simulations show that the earthquake tsunami model alone adequately explains most observations. This fact cannot, however, exclude co-seismic landslide triggering: the potential landslide tsunami might have propagated some time after the earthquake tsunami so that the waves did not measurably superpose at the survey points. Hence, based on the available data, we can neither support, nor decline the hypothesis of landslide triggering by the 1977 Sumba earthquake.
Supplementary material 7 Study of run-up estimation
The run-up formula that we apply can be evaluated at any depth d that is bigger than the wave height itself (Ward and Asphaug 2003) :
, where A is the wave amplitude, measured at water depth d. To check the stability of run-up predictions in our models, we systematically vary the depth d between 250 m and 20 m while observing the resulting run-up heights. This parametric study is done near Sedjorong, southwest Sumbawa, as it is located in the center of our study area (see Figure 4) . Other places, however, show very similar characteristics. The run-up formula is applied at six different positions off-shore (Figure 8a) for five tsunami models, generated by slides B to F (Figures 8b to 8f, respectively) . In these figures, the input wave height A, which is the maximum wave height from the propagation simulation, is shown by the black portion of each bar. The whole bar represents estimated coastal run-up R. As indicated above the bars, gauges are sorted from left to right with decreasing depth d.
Off-shore wave heights A increase continuously by a factor of at least 2 during the shoaling process. Predicted run-up tends to increase as well, however, with distinctly smaller amplification factors. Generally, run-up estimates of the same event vary not more than 20 %. This means that the run-up formula can be applied at any depth between 250 m and 20 m without significantly affecting the final result.
Initial wave characteristics: Summary of Watts' and Grilli's approach
The generation part of our tsunami model consists of a couple of analytical and semiempirical equations that have been proposed in publications of Watts, Grilli and coworkers. Here, we want to concisely summarize their approach and the formulas we applied in this publication. For the complete line of argumentation involved in this formulation, we refer to the original publications (Watts et al. 2003; Grilli and Watts 2005; Watts et al. 2005 ).
The approach is divided in two distinct parts. First, the slide event is described as a pure center of mass movement. The associated equations are derived analytically. Second, a numerical computation of many slides is conducted whereby all slides follow the analytical equations of the first part. This yields the dependency of characteristic tsunami parameters on the input slide variables in a semi-empirical way.
For the first part only one horizontal dimension (1HD) is considered. The submarine mass failure is idealized as an elliptic body, resulting in a landslide that can be described with relatively few parameters. The body's length, maximum thickness and initial submergence are denoted b, T and d, respectively (Figure 9) . Failure occurs at a slope of inclination θ. This description is applicable for t<π·t 0 where t 0 is the characteristic time of slump motion. Thus, a maximum velocity is produced in the middle of slump motion, while at slide start and end it equals zero. It is argued that almost all tsunami generation takes place during the first part of the movement, the acceleration phase. The angular displacement at the moment of maximum velocity is designated ΔΦ. It can be expressed in terms of the radius of curvature R C and travel distance s 0 :
The above description uses a slump radius of curvature R C that can be difficult to identify in bathymetric data. Thus, Watts et al. (2005) In the second part, the numerical tsunami generation models of Grilli and Watts (1999) and Grilli et al. (2002) are used that are based on the fully nonlinear potential flow equations solved with a Boundary Element Method. This method is applied to many landslides that move according to the center of mass description that we summarized above. As a result, the characteristic tsunami wavelength λ and the initial 1HD wave height η 1HD are expressed in terms of landslide parameters: Up to now, only one horizontal dimension have been considered. Hence, η 1HD can be used for slides, where slide length b is much smaller than slide width w. In real cases, however, the effect of finite width can not be neglected and two horizontal dimensions (2HD) have to be taken into account. Based on mass conservation, Watts and Grilli (2005) 
